bacteria-decomposing glucose, and nitrifying bacteria [2] . High copper concentrations were recorded in water from copper mines (1,550 mg/L) and in wastewater originating from the production of semiconductors (5-100 mg/L) [3] [4] . Also, in wastewater from the production of PCBs, the presence of copper (II) ions in the range of 0.1-60 mg/L was noted, depending on the type of process from which the wastewater originated. The highest concentration of copper was found in wastewater from acid and ammonia etching and the brushing process [5] .
Nickel is an element commonly used in industry and it is therefore also a constituent of water systems where it is present, similarly to nickel, in the form of many chemical compounds. Nickel (II) ions also have toxic effects on many aquatic organisms, including freshwater fish such as: rainbow trout (Oncorhynchus mykiss), three-spined stickleback (Gasterosteus aculeatus), roach (Rutilus rutilus), perch (Perca fluviatilis), and dace (Leuciscus leuciscus). A lethal concentration of nickel (II) ions (LC 50 , 96 hours) for the above-mentioned species was 19.3-61.2 mg/L [6] . Nickel (II) ions may have a toxic impact on aquatic organisms, possibly by the disturbance of Ca 2+ homeostasis, Mg 2+ homeostasis, Fe 2+ /Fe 3+ system homeostasis, oxidative damage caused by reactive oxygen forms, and allergic response of respiratory epithelium [7] . Nickel concentrations in industrial wastewater vary, but in the case of this element, that wastewater is highly toxic and possibly carcinogenic. In addition, only 30-40% of all metals used in galvanic processes are effectively used and placed as galvanic coatings.
The remaining amount (60-70%) pollutes rinse water, which may contain toxic metals in concentrations even up to 1,000 mg/L [8] . Non-organic tin (II) and tin (IV) compounds, as opposed to copper (II) and nickel (II) compounds, are characterized by low toxicity in relation to aquatic and terrestrial organisms, mainly due to their low solubility, poor absorption, frequently low accumulation in tissue, and rapid excretion [9] . Despite its low toxicity compared to other metals, tin compounds must also be removed from industrial wastewater to protect the natural environment from excessive pollution, as required by law. Removal of heavy metals from wastewater can be accomplished by the use of unit processes such as: chemical precipitation, coagulation, flocculation, complexing, adsorption on activated carbon, ion exchange, solvent extraction, foam flotation, cementation, and others. Chemical precipitation processes are one of the most common methods used in industry for the removal of heavy metals from nonorganic wastewater due to the speed of the process and its simplicity [10] . Heavy metal precipitation processes take place as a result of wastewater alkalisation with Ca(OH) 2 slurry or NaOH solution to a certain pH value required to precipitate metal ions present in wastewater in the form of hydroxides. Typically, pH 8-11 is used, where the solubility of most metal hydroxides is the lowest. Metal hydroxide precipitated in the form of sediment can be removed by flocculation, sedimentation, and filtration. The method of metals precipitation by wastewater alkalisation is easy to use, but it tends to be ineffective as far as precipitation of amphoteric hydroxides is concerned, and the presence of complexing agents in wastewater, which prevent quantitative precipitation of metal ions [11] . These problems can be eliminated by the use of metal sulphides in a soluble (Na 2 S, NaHS) or insoluble (FeS) form for precipitation, which at acid pH (pH<3) release H 2 S and allow precipitation of heavy metal ions in the form of sulphides.
It is known that the solubility product of metal sulphides is much lower than the solubility product of metal hydroxides, and therefore the use of sulphides enables us to obtain treated wastewater with a lower content of heavy metals than in the case of metal hydroxide precipitation. The method with the use of sulphides is effective for wastewater containing metal (Cr, Ni, Zn) mixtures as well as in the presence of complexing compounds (CN -), but its use is associated with the formation of large amounts of sludge and requires the use of more reagents. Despite these inconveniences, it is still used due to its high efficiency and low installation costs [12] . When using this method, there is a risk of H 2 S gas release, as precipitation of metals is carried out in acidic environments. This risk can be eliminated by using other sulphur-containing compounds for precipitation, such as: dimethyl-, diethyl-, diphenyl-dithiocarbamic sodium salt, its derivatives [13] [14] , or trimercaptotriazine sodium salt [15] [16] [17] in an inert or alkaline medium. The purpose of the present study was to determine the efficacy of sodium trithiocarbonate (Na 2 CS 3 ) as a precipitation reagent of Cu (II), Ni (II), and Sn (II) ions from industrial wastewater from PCB production and containing complexing compounds. The research was conducted on a laboratory and industrial scale.
The testing in the laboratory in the first stage involved the selection of the most effective precipitant and in the second stage, the optimization of metal removal using the RSM method. The obtained results of model tests carried out on a laboratory scale were used to optimize the heavy metals precipitation process on the industrial scale, at the wastewater treatment plant located in the production of PCBs.
Material and Methods

Material and Chemical Reagents
Laboratory-scale research was carried out on a sample of actual wastewater collected in a wastewater treatment plant of a PCB plant located in Poland. Samples of raw wastewater were collected for five consecutive days, after which their composition was averaged by mixing. The collected wastewater samples and the averaged test sample were not fixed and their physico-chemical composition is shown in were determined by spectrophotometry using a Nanocolor Organische Komplexbildner 10 (Bi(III)/xylenol orange, Macherey-Nagel GmbH, Germany), according to DIN 38409-H26, using the following bismuth complex index calculation (I BiK ): 1mg/L I BiK = 1.61 mg/L Na 2 EDTA. Finally, sulphides were determined by spectrophotometric method, using Visocolor Sulfides 0.1-0.8 mg/L (sulphides/ N,N-dimethyl-1.4-phenylenediamine/Fe (III) sulphides, Macherey-Nagel GmbH, Germany).
Methodology of Research
Comparative studies of precipitation efficiency of copper (II), nickel (II), and tin (II) ions from wastewater were conducted using Na 2 S, Furosep CW3, TMT 15, and 44.26% solution of Na 2 CS 3 . Precipitation of metals in the case of using Furosep CW3 and TMT 15 was carried out strictly according to the instructions in the specification sheets of these products, using 1 L wastewater samples. Precipitation using Na 2 S was carried out at pH 6.5 (the highest theoretical efficiency of copper precipitation in the form of sulphide), using a stoichiometric amount of Na 2 S·9H 2 O. After 10 min, the pH was adjusted to 7.5, and 2 mL of 0.05% Furoflock CW277 was added and then poured into a measuring cylinder of 1L capacity and subjected to 30 min. sedimentation. Likewise, precipitation was performed using Furosep CW3 by adding the stoichiometric amount of Furosep CW3 after adjustment of pH to 7.5. Precipitation using TMT 15 was carried out in two stages according to the manufacturer's guidelines for wastewater containing Cu 2+ and Ni 2+ ions. In the first step, Ca (OH) 2 was dosed to pH 7.0, then 50% of NaOH to pH 9.0 to precipitate free metals in the form of hydroxides. Then 1 mL of 0.05% Praestol 2500 was added and subjected to 30 min. sedimentation. V of sludge was measured at this stage and concentrations of Cu, Ni, and Sn were measured in pre-treated wastewater, which after sedimentation was decanted and purification was continued by adding a stoichiometric amount of TMT 15 in relation to the amount of metals remaining in the wastewater. After 30 min. of reaction, 1 mL of FeCl 3 (10 g Fe/L) solution and 0.2 mL 0.05% of Praestol 2500 was added and subjected to sedimentation for 60 min. Precipitation using Na 2 CS 3 was carried out by adding 1 mL 40% of FeCl3 to the sample of 1 L wastewater, correcting the pH to 9.0 (30% NaOH) and adding a stoichiometric amount of 44.26% Na 2 CS 3 solution. After adjusting the pH to 9.0-9.5, 2 mL of 0.05% Furoflock CW277 was added and subjected to 30 min. sedimentation. After completion of the described precipitation processes, a sample of supernatant fluid was collected in each case (after 30 or 60 minutes of sedimentation, according to the recommended procedure) to determine the pH and Cu, Sn, Ni, and S 2-concentrations. V of sludge was measured after 30 min. of sedimentation or in the case of TMT 15 precipitation after 60 min. of sedimentation. Based on the analysis of Cu 2+ , Ni
2+
, and Sn 2+ precipitation results performed on a laboratory scale, a mathematical model was developed to remove metals from the treated wastewater using the RSM method. The results of the model tests were used during continuous industrial tests in a wastewater treatment plant located in a PCB plant and shown schematically in Fig. 1 .
The process of wastewater treatment in the wastewater treatment plant of 350 L/h capacity, shown in Fig. 1 , was as follows: (i) the averaged wastewater was pumped into the first chamber of the flow reactor where pH was measured and at pH greater than 5.5 the HCl was dosed with simultaneously dispensed coagulant (Donau Klar Smart) in the amount of 1 L/1,000 L of wastewater, (ii) in the second chamber the wastewater was alkalised to pH ca. 9 with 30% NaOH to precipitate metal hydroxides, (iii) in the third chamber 44.26% of Na 2 CS 3 at a constant dose of 0.3 L/1,000 L of wastewater was dosed to precipitate the complexed heavy metals, and (iv) in the fourth chamber, 0.05% of Furoflock CW277 solution was dosed in the amount of 2 L/1,000 L of wastewater. Subsequently, the wastewater together with the precipitated sediments flowed through the lamellar settler, where sedimentation of sediment took place, which was then directed by means of a spiral pump to the chamber press, while the treated wastewater was discharged into the well of treated wastewater.
Each of the flow reactor chambers was equipped with either fast-or low-speed agitators, and the first and second chamber additionally in the pH electrodes. The amount of dosed 30% of NaOH (final pH in the second chamber) was adjusted in such a way that after dosing 44.26% of Na 2 CS 3, the final pH of the wastewater was about 9-9.5 and nearly complete precipitation of the metals occurred. Once the correct dosage was accomplished, for six consecutive days during normal plant operation, a sample of raw wastewater was pumped to the flow reactor and treated wastewater flowing from the well of treated wastewater to the municipal sewer system in order to determine pH, turbidity, colour, and concentration of Al, Fe, Cu, Ni, Sn, and S 2-.
Experimental Design
Optimizing heavy metal precipitation from industrial wastewater was carried out using the surface response method and Statistica 10 software. The following values were adopted for determining dependent and independent variables: x 1 -pH, x 2 -Na 2 EDTA concentration, mg/L, x 3 -44.26% dose of Na 2 CS 3 , mL/L wastewater and Z 1 -∑ of metals , i.e.: sum of Cu 2+ , Ni 2+ and Sn 2+ concentrations in treated wastewater, in mg/L. Based on the analysis of the preliminary research carried out by the authors and literature review, it was assumed that one of the conditions for obtaining low concentrations of metals in treated wastewater was wastewater pH 9, while a dose of 44.26% Na 2 CS 3 per 1 L of examined wastewater (x 3 ) should be 0.13-0.19 mL, which is about 50% of the stoichiometric dose. On the basis of raw wastewater tests it was found that the concentration of complex compounds expressed as Na 2 EDTA is 20.9 mg/L. Therefore, while planning the experiment, the concentration of Na 2 EDTA (x 2 ) in the range of 25-75 mg/L was adopted, while taking into account the possibility of increasing the concentration of complexing compounds in industrial wastewater, and the necessity of demonstrating the effectiveness or ineffectiveness of the proposed technology, also in the case of increased concentrations of substances hindering the precipitation of heavy metals. At pH (x 1 ), the values of 8.75-9.25 were adopted to precipitate the predominant amount of heavy metals contained in the wastewater in the form of hydroxides. Finally: x 1 ∈ ‹8.75; 9.25›, x 2 ∈ ‹40.0; 60.0›, and x 3 ∈ ‹0.13; 0.19› were adopted. It was assumed that the given ranges would be normalized in the range ‹-1, +1›, which means: x 1(-1) = 8.75, x 1(0) = 9.00, x 1(+1) = 9.25, x 2(-1) = 40.0, x 2(0) = 50.0, x 2(+1) = 60.0, x 3(-1) = 0.13, x 3(0) = 0.16, and x 1(+1) = 0.19. The initially adopted ranges were extended, which resulted from normalization in the range of <-α, α> instead of the predefined normalization in the range <-1,1>, for which α = 1. After accepting α = 1.6818 from the experiment plan, the ranges of the given parameters assumed the following values: x 1(-α) = 8.58, x 1(0) = 9.00, x 1(+α) = 9.42, x 2(-α) = 33.2, x 2(0) = 50.0, x 2(+α) = 66.8, x 3(-α) = 0.11, x 3(0) = 0.16, and x 1(+α) = 0.21. The experiment was planned using the experimental planning module in the Statistica 10 programme. Central composite design was used for planning, and 16 experiments were performed for three independent factors, i.e.: pH, Na 2 EDTA concentration, and Na 2 CS 3 dose as shown in Table 3 . According to the presented plan, 16 experiments were performed, including two experiments (15C and 16C) in design centre using raw wastewater of the composition shown in Table 1 .
Concentrations of individual metals determined in the treated wastewater were used to calculate the sum of metals expressed in mg/L. In the case of Sn 2+ concentration (values <0.05 mg/L), the value 0 mg/L was used to calculate total concentration. using Furosep ® CW3, consisted of very small size flocs that were not observed while Na 2 S and Na 2 CS 3 were used.
Results and Discussion
The smallest, total amount of sediment (45 mL) was obtained using TMT 15 precipitation, while the use of Na 2 CS 3 was associated with the formation of a slightly larger amount of sediment (95 mL). Since the use of Na 2 CS 3 for precipitation proved to be the most effective, the optimization of metal removal from the examined wastewater was carried out using this reagent. Table 3 shows the concentrations of copper, nickel, and tin in treated wastewater obtained in each of the 16 experiments conducted according to the generated design. The smallest value of the sum of metals was obtained in the 14 th experiment, and the largest in the third experiment (i.e., 0.07 and 0.78 mg/L, respectively). Table 4A shows a sheet of ANOVA estimator effects and model coefficients for normalized input values, which are the result of a preliminary statistical analysis of the experimental data. Although the conducted statistical analysis indicated five statistically significant parameters, all major linearquadratic effects were adopted for further analysis while the non-significant effects of linear-linear interactions (i.e., pH/EDTA(L), pH /Na 2 CS 3 (L) and Na 2 EDTA/ Na 2 CS 3 (L)), for which p>0.05 were excluded from the model. The results of the re-conducted analysis, excluding non-significant interactions, are presented in Table 4B . ) was 0.8845, which means that 88.45% of the dependent variable can be explained by a square model. The values of both coefficients indicated a good adjustment of the model to the experimental data, despite the exclusion of linear-linear interaction of effects. An increased R 2 value can be achieved by adding statistically insignificant variables (Table 4A) , thus a better indicator of model adjustment for experimental data is R 2 adj. [18] . It should also be noted that after excluding statistically insignificant linear-linear interactions from the model, the difference R 2 -R 2 adj.
is smaller (0.0462) than for the model taking into account the presence of these variables (0.0576).
The analysis also yielded a small mean square error (MS), i.e., 0.009. Table 5 . Analysis of the experiment with the central composite design using Statistica 10. The verification of the adequacy of the model using ANOVA at the significance level of 0.05 after excluding the non-significant linear-linear interaction of effects.
with the use of ANOVA. The adequacy verification performed using ANOVA indicated the importance of four main input parameters, i.e., pH(L), pH(Q), Na 2 EDTA(L), and Na 2 CS 3 (L). Fig. 2 shows a Pareto chart showing estimators of standardized effects that were ordered according to their absolute value, while the vertical line shows the minimum values of statistically significant effects at significance level α = 0.05. The data presented in Fig. 2 shows the significance of four main factors, i.e., pH(Q), pH(L), Na 2 CS 3 (L), and Na 2 EDTA(L), and non-significance (or minor significance) of the two main factors, i.e., Na 2 EDTA(Q) and Na 2 CS 3 (Q). In order to visually verify the quality of the adjustment of the experimental data to the created model, a graph of the dependence of the estimated values versus the observed values was presented in Fig. 3 . The presented relationship shows a good adjustment of the experimental values to the approximated values, which, combined with the values of the calculated determinants for the model, indicates that the created model is suitable for the obtained experimental data. Fig. 4a ) presents a change in the sum of metals in relation to Na 2 EDTA and pH, assuming constant dose of Na 2 CS 3 0.13 mL/L. The conducted model studies indicated that at a fixed dose of Na 2 CS 3 of 0.13 mL/L and Na 2 EDTA concentration of c.a. 34-53 mg/L, the use of precipitation pH of about 8.9-9.2 resulted in the wastewater having the smallest value of total metal content. Model studies have shown that, as Na 2 EDTA concentration increases, the total metal content is also increased, which means that they are difficult to remove with the adopted dose of Na 2 CS 3 . There is also a slight reversal trend that involves the increase in the sum of metals as Na 2 EDTA concentration decreases. This seemingly abnormal relationship may be due to the application of the Na 2 EDTA addition just before the start of the precipitation process to achieve the concentrations specified in the experimental plan (raw wastewater contained 20.9 mg/L Na 2 EDTA) and disturbance of the balance of complexing reaction in the examined wastewater (presence of Cu 2+ ions, Cu(OH) 2 sediment, Fe 3+ ions, Fe(OH) 3 sediment, and other ions and pH changes). This may also be due to the properties of the response surface method that optimizes the process, indicating the optimum reaction process. The mathematical description of the change in the sum of metals after eliminating the non-significant interaction as a function of Na 2 EDTA concentration and pH, assuming the use of constant dose of Na 2 CS 3 for precipitation (i.e., 0.13 mL/L, is presented by Equation (1 (1) Fig. 4b ) depicts a change in the sum of metals depending on the dose of Na 2 CS 3 and pH, assuming a constant concentration of Na 2 EDTA 50 mg/L. The model study indicated that the smallest values of total metal content in treated wastewater were obtained in the pH range of 9-9.15 using c.a. 0.21 mL/L of Na 2 CS 3 solution for precipitation and a fixed dose of Na 2 EDTA 50 mg/L. The obtained results again pointed to the need to conduct the process at the optimum pH range, since as pH increases or decreases, the total metal content increases. In addition, as the dose of the precipitant increases, the total metal content is reduced, but it is the largest in the optimum pH range, where the efficiency of the precipitant is the greatest. The mathematical description of the change in total metal content, after elimination from the model of non-significant interaction as a function of Na 2 CS 3 dose and pH (assuming constant Na 2 EDTA concentration, i.e., 50 mg/L), as presented by Equation (2) 4c ) depicts a change in total metal content depending on the dose of Na 2 CS 3 and Na 2 EDTA concentrations assuming a constant value of pH 9. The lowest total metal values were obtained with a Na 2 CS 3 dose of 0.21 mL/L and EDTA concentration within 36-50 mg/L and constant value of pH 9. Model studies have shown that as Na 2 CS 3 dose increases, a decrease in total metal content is observed, and a similar correlation is observed when the concentration of the complexing compound decreases (i.e., Na 2 EDTA). The reasons for a slight increase in total metal content due to the reduction in Na 2 EDTA concentration shown in Fig. 4c ) may be similar to those discussing the similar relationship shown in Fig. 4a) . The mathematical description of the change in total metal content, after eliminating non-significant interactions as a function of Na 2 CS 3 dose and Na 2 EDTA concentration from the model (assuming a constant pH value of 9), is shown by Equation (3) Table 6 shows the determination coefficients for the full model, taking into account all major linear-quadratic effects and linear-linear interaction effects (i.e., pH/ EDTA(L), pH/Na 2 CS 3 (L), and Na 2 EDTA/ Na 2 CS 3 (L)). To determine the approximation polynomial for the experimental data presented in Table 3 , the general linear model (GLM) was adopted, using effects adjusted to the intergroup system, assuming that the grade II polynomial would be appropriate to describe precipitation of heavy metals from wastewater using Na 2 CS 3 in the presence of Na 2 EDTA. An approximation polynomial was obtained in the form of a 'forecast equation,' which describes the change in values of ∑ of metals as a function of all independent factors, i.e., pH, Na 2 is 0.058 and is it is slightly higher than for the model that does not take into account statistically non-significant linear-linear interactions (0.046). According to the authors, in the case of such small differences in determination coefficient values, a full model can also be applied to the mathematical description of the process of heavy metals removal from the examined wastewater. At the same time, the high value of the obtained adjusted coefficient of determination indicates a very good adjustment of the model approximating the equation to a set of other experimental data derived from precipitation processes of heavy metals from wastewater of a similar composition, derived from the processes of PCBs with Na 2 CS 3 in the presence of Na 2 EDTA and Fig. 4 . Response surface plots for ∑ of metals (mg/L) with respect to Na 2 EDTA and pH a), Na 2 CS 3 and pH b), and Na 2 CS 3 and Na 2 EDTA c).
using the optimum PH range. Industrial tests were also carried out in a continuous treatment plant using Na 2 CS 3 solution proportionally to the wastewater flow rate and heavy metals content, so as to obtain treated wastewater in which the maximum concentrations of the individual metals and sulphides would meet the requirements to which a wastewater treatment plant introducing treated wastewater to sewerage facilities is obliged (Cu 1 mg/L, Ni 0.5 mg/L, Sn 2 mg/L, and S 2-1.0 mg/L). Table 7 shows the results of raw and treated wastewater with the use of Na 2 CS 3 solution for precipitation. Due to the heterogeneous composition of wastewater -despite using storage tanks in a wastewater treatment plant which also fulfilled the function of averaging tanks -an increased dose of Na 2 CS 3 solution was used, which enabled us to obtain treated wastewater containing very small amounts of metals and some excess precipitant causing an increase in S 2-ions in treated wastewater (0.2-0.4 mg/L). In none of these cases did values exceed the maximum possible sulphide concentrations in treated wastewater (1 mg/l). It is likely that in addition to the changes in metal concentrations in wastewater entering the treatment plant, there were also periodic changes in the concentration of complexing agents, which affected the effectiveness of the precipitant and was related to its temporary lower or higher demand. As a result of the adjustment of the dose of Na 2 CS 3 solution, the wastewater was obtained in which the concentration of Cu 2+ ions ranged between <0.005-0.014 mg/L and for Ni 2+ and Sn 2+ ions amounting to <0.01 and <0.005 mg/L, respectively. In none of these cases was the permissible value specified in the waterlaw permit for the plant for each metal that has not been exceeded. As a result of the adopted method of metal precipitation, almost transparent and colourless wastewater with a low content of heavy metals was obtained, and the presented dosing method, consisting of adjusting the dose of Na 2 CS 3 solution to the flow rate and metal content in wastewater, only requires the installation of the metering pump and the initial metal concentration control and a precipitant in treated wastewater at the dose adjustment phase, provided that an inflow of raw wastewater of uniform composition to the wastewater treatment plant is ensured.
Conclusions
Industrial wastewater from PCB production contains, in addition to heavy metal ions, complexing compounds that impede the quantitative removal of metals from wastewater. The laboratory scale tests allowed the choice of the precipitant (Na 2 CS 3 ) which, when used in the treatment of examined wastewater, guaranteed the effective removal of heavy metals. Optimization studies using the surface response method have allowed us to analyse the influence of particular parameters on the wastewater treatment efficiency expressed by the concentration of individual metals in the treated Table 7 . Physicochemical parameters of raw wastewater and wastewater treated using Na 2 CS 3 (*1 -raw wastewater, 1A -treated wastewater, etc.).
wastewater. According to the authors, the use of methods for planning experiments to optimize wastewater treatment processes is very useful and fully justified, but the interpretation of the obtained results always requires critical analysis in the context of knowledge of the technological process and the chemical reactions taking place. The use of Na 2 CS 3 on an industrial scale enabled the efficient precipitation of metals from wastewater and, consequently, the production of treated wastewater with parameters complying with the requirements of the relevant legal norms issued for wastewater treatment plants introducing wastewater to wastewater facilities.
